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ABSTRACT

Plus-stranded RNA viruses induce membrane deformations in infected cells in order to build viral replication complexes
(VRCs). Tomato bushy stunt virus (TBSV) co-opts cellular ESCRT (endosomal sorting complexes required for transport) pro-
teins to induce the formation of vesicle (spherule)-like structures in the peroxisomal membrane with tight openings toward the
cytosol. In this study, using a yeast (Saccharomyces cerevisiae) vps23A brolA double-deletion mutant, we showed that the
Vps23p ESCRT-I protein (Tsgl101 in mammals) and Brolp (ALIX) ESCRT-associated protein, both of which bind to the viral p33
replication protein, play partially complementary roles in TBSV replication in cells and in cell extracts. Dual expression of domi-
nant-negative versions of Arabidopsis homologs of Vps23p and Brolp inhibited tombusvirus replication to greater extent than
individual expression in Nicotiana benthamiana leaves. We also demonstrated the critical role of Snf7p (CHMP4), Vps20p, and
Vps24p ESCRT-III proteins in tombusvirus replication in yeast and in vitro. Electron microscopic imaging of vps23A yeast re-
vealed the lack of tombusvirus-induced spherule-like structures, while crescent-like structures are formed in ESCRT-III deletion
yeasts replicating TBSV RNA. In addition, we also showed that the length of the viral RNA affects the sizes of spherules formed in
N. benthamiana cells. The 4.8-kb genomic RNA is needed for the formation of spherules 66 nm in diameter, while spherules
formed during the replication of the ~600-nucleotide (nt)-long defective interfering RNA in the presence of p33 and p92 replica-
tion proteins are 42 nm. We propose that the viral RNA serves as a “measuring string” during VRC assembly and spherule for-

mation.

IMPORTANCE

Plant positive-strand RNA viruses, similarly to animal positive-strand RNA viruses, replicate in membrane-bound viral replicase
complexes in the cytoplasm of infected cells. Identification of cellular and viral factors affecting the formation of the membrane-
bound viral replication complex is a major frontier in current virology research. In this study, we dissected the functions of co-
opted cellular ESCRT-I (endosomal sorting complexes required for transport I) and ESCRT-III proteins and the viral RNA in
tombusvirus replicase complex formation using in vitro, yeast-based, and plant-based approaches. Electron microscopic imag-
ing revealed the lack of tombusvirus-induced spherule-like structures in ESCRT-I or ESCRT-III deletion yeasts replicating TBSV
RNA, demonstrating the requirement for these co-opted cellular factors in tombusvirus replicase formation. The work could be

of broad interest in virology and beyond.

he viral replication process of plus-stranded RNA [(+)RNA]

viruses of plants and animals takes place in membrane-bound
viral replicase complexes (VRCs) in the cytoplasm of infected cells
(1-4). These viruses co-opt numerous not-yet-fully characterized
host factors to aid the formation of VRCs and other steps in virus
replication (2, 3). Overall, the VRCs contain not only the viral
RNAs and viral replication proteins but several hijacked cellular
cofactors and lipids.

One of the intriguing aspects of VRC formation is the need for
extensive subcellular membrane deformations. Accordingly,
(+)RNA viruses replicate in various membranous structures that
could be formed from various membranes, such as endoplasmic
reticulum, mitochondria, endosome, chloroplast, peroxisome,
and plasma membranes, or induced de novo (1, 3-5). Membrane
deformations are possibly induced by co-opted cellular phospho-
lipid kinases, local enrichment of sterols, and subverted mem-
brane-bending proteins, such as ESCRT factors, reticulons, and
amphiphysins (6-12).

A major type of subcellular membrane deformation induced
by some (+)RNA viruses is represented by vesicle-like small in-
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vaginations with single narrow openings toward the cytosol (13,
14). These structures, called spherules, contain the membrane-
bound VRCs consisting of viral and co-opted cellular proteins in
the infected cells (1-3, 15-18). The membranous spherule struc-
tures sequester all the replication factors into a confined cytosolic
area and likely protect the fragile viral (+)RNA from degradation
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by host ribonucleases. These replication structures might also help
avoid recognition of viral components by the host antiviral sur-
veillance system (1, 2, 4). Overall, assembly of the membrane-
bound VRCs is an essential step during the replication of (+)RNA
viruses in the infected cells.

Tombusviruses, which are small (+)RNA viruses of plants,
have emerged recently as useful model viruses to dissect host fac-
tors involved in virus-host interactions, virus replication, and
VRC formation. Genome-wide screens and global proteomics ap-
proaches based on the yeast (Saccharomyces cerevisiae) model host
(19-24) have led to the identification of over 500 host genes/pro-
teins that could affect Tomato bushy stunt virus (TBSV) replication
or recombination (23-33). More detailed analysis of the tombus-
virus VRCs revealed that these membrane-bound complexes con-
sist of the two viral replication proteins (p33 and p92°°') and ~15
host proteins (2, 31, 32, 34). The recruited host proteins include
heat shock protein 70 (Hsp70), eukaryotic elongation factor 1A
(eEF1A) and the ESCRT (endosomal sorting complexes required
for transport) family of host proteins, all of which promote the
assembly of VRCs (8, 15, 34-38). Additional subverted host pro-
teins in the VRC include glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH), eEF1A, eEF1Bvy, and Dedl and other DEAD box
helicases. These cellular proteins have been shown to affect viral
RNA synthesis (35-43). The auxiliary p33 replication protein is an
RNA chaperone involved in recruitment of the TBSV (+)RNA to
the site of replication, which is the cytosolic surface of peroxi-
somal membranes (44-47). The RNA-dependent RNA polymer-
ase (RARp) protein p92P°' is also part of the functional VRC and is
responsible for both (+)RNA and (—)RNA synthesis in an asym-
metrical manner (21, 46, 48, 49).

The critical role of subverted cellular ESCRT proteins has been
shown by using single-deletion mutants in yeast and expression of
dominant-negative mutants in plants (8, 26). The model pro-
posed for the functions of ESCRT proteins in TBSV replication
predicts that the membrane-bound p33 replication protein binds
directly to Vps23p ESCRT-I protein (Tsg101 in mammals), based
on its late domain sequence and the mono- and biubiquitin moi-
eties after becoming posttranslationally modified by Ubc2/Rad6
or Cdc34 E2 ubiquitin-conjugating enzymes (32, 38, 50, 51). This
is followed by the additional recruitment of ESCRT-III cellular
factors, such as Snf7p, Vps20p, and Vps24p, whose single dele-
tions reduced TBSV replication in yeast (26). A key component of
the co-opted ESCRT proteins is the Vps4p AAA ATPase, which is
a permanent member of the tombusvirus VRCs (52). Vps4p is
required for spherule formation, and p33-Vps4p interaction
might be involved in stabilization of the neck structure in the
spherules to allow ongoing import of ribonucleoside triphos-
phates (rNTPs) from the cytoplasm and export of newly made
(+)RNAs into the cytoplasm (52). Because ESCRT-1 and ESCRT-
III proteins are known to induce negative membrane curvature
and membrane deformations (invaginations) that lead to forma-
tion of intraluminal vesicles (ILVs) and multivesicular endosomes
(53-55), it is a plausible model that these factors also facilitate the
formation of vesicle-like structures, named spherules, which are
formed during tombusvirus replication in plants (8, 24, 56). The
virus-induced spherules not only contain the VRCs but protect
the viral RNA from degradation in vivo and in vitro (8, 24, 50). In
spite of these advances, we still do not know the functions of
individual cellular ESCRT proteins and accessory factors in tom-
busvirus replication and VRC formation.
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In this work, we first studied the role of Vps23p (Tsgl01 in
mammals) ESCRT-I in combination with Brolp in tombusvirus
replication. Brolp (ALIX in mammals) is known to bind to ubiq-
uitinated cargo proteins in the endosome and recruits ESCRT-III
factors to facilitate formation of ILVs in the late endosomes as well
as HIV budding out of the infected cells (57-59). ALIX is also
involved in maintaining phosphate homeostasis in plants through
mediating trafficking of a phosphate transporter in plants (60).
Several of these functions of Brolp are similar to those of Vps23p,
suggesting that they might play some overlapping roles during
tombusvirus replication. Accordingly, both Brolp and Vps23p are
known to interact with the p33 replication protein (50). We also
show here that double deletion of VPS23 and BROI had a more
detrimental effect on TBSV replication than single deletions in
yeast. Moreover, dual expression of dominant-negative versions
of Arabidopsis homologs of Vps23p and Brolp inhibited tombus-
virus replication to the greatest extent in Nicotiana benthamiana
leaves. We also demonstrate the critical role of ESCRT-III proteins
in tombusvirus replication. We show via electron microscopy the
lack of tombusvirus-induced spherule-like structures in ESCRT-I
and ESCRT-III deletion yeasts. Since the co-opted ESCRT pro-
teins did not seem to affect the size of the spherules, we also tested
the role of the length of the tombusviral (+)RNA in spherule
formation. We found that the small replication-competent defec-
tive interfering DI-72 RNA helped the formation of smaller spher-
ules in plant cells more than the infectious full-length virus, sug-
gesting that the length of the viral (+)RNA is a major factor in
spherule formation. Altogether, this work highlights a new role for
the tombusvirus RNA and the co-opted cellular ESCRT-I and
ESCRT-III proteins in spherule formation, VRC function, and
tombusvirus replication.

MATERIALS AND METHODS

Yeast strains and expression plasmids. Saccharomyces cerevisiae strain
BY4741 (MATa his3A1 leu2A0 met15A0 ura3A0) was obtained from
Open Biosystems (Huntsville, AL, USA). To obtain double-deletion yeast
strains (Abrol:kanMX4 Avps23:hphNTI and Avps20:kanMX4 Asnf7:
hphNTTI), we performed homologous recombination using single-gene-
deletion Abrol:kanMX4 and Avps20:kanMX4 yeast strains, respectively,
from the YKO (yeast knockout) library (Open Biosystem, Huntsville, AL,
USA). PCR was performed using plasmid pFA6-hphNT1 (Euroscarf) (61)
as the template and primers 5614 (ACGGAAGCAGCAGAAACATAACA
GTATTGATAAATAAGGCCGTACGCTGCAGGTCGA) and 5615 (TAT
AAAAGAGCGTATACAGAACATGGAAAGTAAGAACACCTATCGAT
GAATTCGAGCTC) or 2491 (TATTTTTTATGGCACTTCGGCGATGC
GAAAGAAAGTGAGTCAATCGATGAATTCGAGCTC) and 2497 (TTG
GTATCTTAACGGCCAAGAAAAGAGAGAGAGTGAAGAGCAACGT
ACGCTGCAGGTCGA) in the case of deletion of SNF7 or VPS23, respec-
tively. The selected yeast strains were transformed with the obtained PCR
products, and the recombinant colonies were selected on yeast-peptone-
dextrose (YPD) plates supplemented with G418 and hygromycin.
Analysis of TBSV RNA accumulation in yeast. To study the effect of
ESCRT proteins on tombusvirus replication in yeast, we cotransformed
yeast strain BY4741 and the brolA, vps23A, brolA vps23A, and vps20A
snf7A mutants with plasmids pGBK-HIS-Cup-Flag33/Gal-DI-72 and
pGAD-Cup-Flag92. Transformed cells were selected on SC-LH™ plates
and pregrown in SC-LH™ medium supplemented with 2% glucose and 50
M CuSO, for 24 h at 29°C. Yeast cells were then centrifuged at 2,000 rpm
for 3 min, washed with SC-LH™ medium supplemented with 2% galac-
tose, and resuspended in SC-LH ™ medium with 2% galactose and 50 uM
CuSO,. Cells were then grown for 18 h at 23°C, followed by total RNA and
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protein extraction. Northern blotting and Western blotting were done as
previously published (21).

In vitro TBSV replication assay in cell-free yeast extract. Yeast cell-
free extracts (CFEs) capable of supporting TBSV replication in vitro were
prepared as described earlier (37, 48). Briefly, the in vitro TBSV replication
assays were performed using 2 wl of CFE, 0.25 pg T7-made DI-72
(+)repRNA transcripts, 200 ng affinity-purified maltose-binding protein
(MBP)-p33, 200 ng MBP—p92P°l, buffer A (30 mM HEPES-KOH [pH
7.4], 150 mM potassium acetate, 5 mM magnesium acetate, 0.13 M sor-
bitol), 0.4 pl actinomycin D (5 mg/ml), 2 pl of 150 mM creatine phos-
phate, 0.2 pl of 10 mg/ml creatine kinase, 0.2 ul of RNase inhibitor, 0.2 pl
of 1 M dithiothreitol (DTT), 2 pl of INTP mixture (10 mM ATP, CTP,
and GTP and 0.25 mM UTP), and 0.1 ul of [**P]JUTP in a 20-ul total
volume. The CFE assay was performed at 25°C for 3 h and stopped by
addition of 1/10 volume of 1% SDS and 50 mM EDTA. After phenol-
chloroform extraction and RNA precipitation, the *?P-labeled repli-
con RNA (repRNA) products were separated by electrophoresis in
0.5X Tris-borate-EDTA (TBE) buffer in a 5% polyacrylamide gel con-
taining 8 M urea.

For detection of viral double-stranded RNA (dsRNA) in the CFE
assay, the *?P-labeled repRNA products from the CFE assays were
divided into two halves: one half was loaded onto the gel without heat
treatment in the presence of 50% formamide, while the other half of
the sample was heat denatured at 85°C for 5 min in the presence of 50%
formamide (36).

RNA-RNA hybridization with unlabeled RNA probes. The CFE-
based replication assay was performed as described previously (62). The
obtained [**P]UTP-labeled products from the membranous fraction
(pellet) were then resuspended in buffer A containing different unlabeled
T7°°l-made transcripts [RIV(+) or RIV(—), 0.3 pg each] in the presence
of 0.1% Triton X-100. The mixture was incubated at room temperature
for 10 min. Then, a 5X volume of 1% SDS and 50 mM EDTA was added
to stop the reaction, followed by phenol-chloroform extraction, RNA pre-
cipitation, and PAGE analysis.

Agroinfiltration of plants. Agrobacterium tumefaciens strain C58Cl
was electroporated individually with pGD plasmids, such as pGD-CNV
expressing CNV20Kstop (Cucumber necrosis virus [CNV] not expressing
the suppressor of gene silencing), TBSV p19 silencing suppressor (pGD-
p19), or dominant-negative mutants of Brol and Vps23 proteins (pGD-
dnBrol, pGD-dnVps23-1, and pGD-dnVps23-2) (8). Plasmids express-
ing the dominant-negative mutants Vps23-1dn, g, 50g, VPs23-2dn,,_s6g
and Broldn,,4_g,4 were constructed before (8). Empty vector pGD-35S
was used as a negative control. Transformed Agrobacterium cells were
selected, grown, and infiltrated into young N. benthamiana leaves as de-
scribed earlier (63). Agrobacterium cultures transformed with pGD-p19
with an optical density at 600 nm (ODy,) of 0.5 were mixed separately
with Agrobacterium cultures, transformed with pGD-35S, pGD-dnBrol,
pGD-dnVps23-1, or pGD-dnVps23-2 (ODg, 0.5) or mixtures of cul-
tures pGD-dnBrol with pGD-dnVps23-1 or pGD-dnBrol with pGD-
dnVps23-1 (ODg,, 0.25 each). One day after the first agroinfiltration, the
same leaves were infiltrated with Agrobacterium with pGD-CNV (ODy,
0.15). After 60 h, samples from the agroinfiltrated leaves were taken, and
total RNA was isolated. Analysis of viral RNA by Northern blotting hy-
bridization was performed as previously described (64). Pictures of in-
fected and mock-infected plants were taken 8 days after the second
agroinfiltration.

To study the influence of expression of dominant-negative Brol and
Vps23 proteins on the accumulation levels of the viral replication pro-
teins, we separately expressed the replication proteins and the viral RNA
template (DI-72 RNA) in N. benthamiana leaves. An Agrobacterium cul-
ture transformed with pGD-p19 (ODy, 0.4) was mixed with Agrobacte-
rium cultures transformed with pGD-35S (as a control; ODy,, 0.3) or
with combinations of pGD-dnBrol/pGD-dnVps23-1 or pGD-dnBrol/
pGD-dnVps23-1 (ODg,, of 0.15 for each dominant-negative protein).
We also coagroinfiltrated pGD-p33 (ODg,, 0.3) or the combination of
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pGD-p33/pGD-p92 (ODg, of 0.15 each) or pGD-p33/pGD-p92/pGD-
D172 (ODygy, 0f 0.1 each). After 72 h, samples from infiltrated leaves were
taken, and total proteins were isolated and loaded for SDS-PAGE, fol-
lowed by Western blotting (21). The p33 replication protein was detected
with anti-p33 antibody (a generous gift from R. T. Mullen).

Electron microscopy of plant and yeast cells. All the methods used
here have previously been described (8, 52, 65). Leaves of N. benthamiana
were agroinfiltrated with a construct expressing CNV 20kSTOP (for
genomic RNA [gRNA] replication) or with a mixture of A. tumefaciens
cultures separately expressing CNV p33 and p92 replication proteins, p19
protein (viral suppressor of gene silencing), and DI-72 RNA. Samples
from the agroinfiltrated leaves (2.5 days after agroinfiltration) were in-
jected with a fixing buffer containing 0.1 M KH,PO, (pH 6.8), 3.5%
glutaraldehyde, and 1% paraformaldehyde. The leaves were subsequently
sectioned into 1- by 5-mm strips, followed by immersion in the fixing
buffer and incubation overnight at 4°C. Leaf sections were washed three
times for 10 min in 0.1 M KH,PO, (pH 6.8) plus 5% glucose and then
treated with 1% OsO, for 2 h at room temperature. The samples were then
washed in distilled water for 5 min and dehydrated sequentially in 50%,
70%, 80%, and 90% ethanol for 10 min each at room temperature, fol-
lowed by two incubations with 100% ethanol for 20 min and two with
propylene oxide (PO) for 15 min. Samples were gradually infiltrated in
50:50 epon-araldite resin—PO overnight, 75:25 resin-PO for 4 h, and then
100% resin for 4 h under vacuum. At the end, samples were embedded in
pure resin and incubated for 48 h at 60°C for resin polymerization. After
sectioning and mounting on copper grids, samples were stained with ura-
nyl acetate and lead citrate and imaged in a Philips Biotwin12 transmis-
sion electron microscope (TEM). The images were cropped using Photo-
shop software.

Spheroplasts from yeast cells were prepared and processed for TEM,
metal-tagging TEM (METTEM), or immuno-EM with anti-dsRNA anti-
body as described previously (52).

RESULTS

Reduced replication of TBSV in yeast lacking Vps23p and Brolp
ESCRT proteins. The p33 replication protein has been shown to
bind to and recruit Vps23p for replication via its “late domain
sequence” and to become mono- and biubiquitinated (50). Inter-
estingly, the yeast Brolp ESCRT-associated factor might play a
similar role, since the emerging function of Brolp (ALIX) is com-
parable to that of Vps23p by binding to the ubiquitinated cargo
proteins and also to ESCRT-III proteins to facilitate the formation
of ILVs (57-59). Accordingly, Brolp was shown to bind to the
tombusvirus p33 replication protein (50).

To test if Vps23p and Brolp could play comparable and over-
lapping roles in TBSV replication, we generated a double-deletion
yeast mutant and measured viral RNA replication in vps23A brolA
yeast. Interestingly, the double-deletion mutant supported TBSV
replication poorly (~20% of the wild-type [wt] level) (Fig. 1A,
lanes 13 to 16 versus 1 to 4), at level lower than that observed with
the single-deletion yeast mutants (Fig. 1A). Thus, these data are in
agreement with the partially redundant roles of Vps23p and Brolp
in TBSV replication in yeast. Unlike the single-deletion mutants,
the double-deletion mutant also affected the accumulation of p33
and p92P°' replication proteins (Fig. 1B), even in the absence of
viral replication (Fig. 1C), suggesting that interaction between the
replication proteins and either Vps23p or Brolp increases the sta-
bility of the viral replication proteins. Alternatively, the formation
of ESCRT-driven spherule structures harboring the VRCs or de-
ubiquitination of p33/p92 (possibly driven by the late ESCRT-
associated Doa4p deubiquitinase, which was identified previously
as a proviral factor [26]) leads to more stable p33/p92 accumula-
tion in wt yeast.
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FIG 1 Double deletion of VPS23 ESCRT-I- and BROI ESCRT-associated genes inhibits TBSV repRNA accumulation in yeast. (A) The wt, single-deletion vps23A
and brolA, or double-deletion vps23A brolA yeast strains were used for these experiments. Top panel, Northern blot analysis of TBSV repRNA accumulation in
yeast strains 24 h after induction. The repRNA levels were normalized based on rRNA loading. Bottom panel, Northern blot analysis shows the level of rRNA
loading. (B) Detection of FLAG-tagged p33 and FLAG-p92 in yeast mutants supporting TBSV repRNA replication by Western blotting using anti-FLAG
antibody. The total protein level in each sample was analyzed by SDS-PAGE and Coomassie blue staining. (C) Detection of FLAG-tagged p33 and FLAG-p92 in
yeast mutants in the absence of TBSV repRNA by Western blotting using anti-FLAG antibody.

Reduced tombusvirus replication in Nicotiana benthamiana
coexpressing dominant-negative mutants of Vps23p and Brolp.
Since Vps23p and Brolp are conserved proteins in higher eu-
karyotes (60), we coexpressed dominant-negative versions of
these host proteins (derived from Arabidopsis) in N. benthamiana
leaves to inhibit the function of the wt host proteins. After inocu-
lation of N. benthamiana leaves with the closely related CNV tom-
busvirus, we observed only poor CNV genomic or subgenomic
RNAs accumulation in leaves coexpressing ALIX (Brolp) and
Vps23p dominant-negative mutants (down by ~95%) (Fig. 2A,
lanes 9 to 12 versus lanes 1 and 2). The symptoms caused by CNV
were also much milder than the rapidly developing necrotic symp-
toms visible in control plants (Fig. 2B). Coexpression of the dom-
inant-negative Vps23p and Brolp mutants showed a ~10-fold-
increased inhibitory effect on CNV RNA accumulation than
expression of only a single dominant-negative mutant (either
Vps23p or Brolp) (Fig. 2A), suggesting that these host proteins
likely play partially overlapping roles in CNV replication in plants.
The coexpression of dominant-negative mutants had no major
effect on the accumulation of p33/p92 replication proteins in the
presence or absence of the replicon RNA (Fig. 2C).

Absence of spherule-like structures in vps23A yeast. TBSV
forms spherule-like membranous invaginations in peroxisomes
that serve as the sites of viral RNA replication (8). The recruited
ESCRT factors are proposed to facilitate the bending of the mem-
branes and possibly sequestering and concentrating p33 and p92
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replication proteins in order to form the characteristic spherules
(8, 24, 50). To test the role of Vps23p ESCRT-I protein in tom-
busvirus-induced spherule formation, we used EM imaging of
yeast cells replicating TBSV repRNA. Unlike wt yeast, which con-
tains tombusvirus-induced spherules, the vps23A yeast replicating
TBSV repRNA did not contain spherules (Fig. 3A to C). Instead,
flat bag-like and elongated membranous structures were visible in
these yeast cells. These membranous structures might serve viral
RNA replication as alternative VRC structures.

To test the ultrastructures formed by the p33 replication pro-
tein in vps23A yeast, we used metal-tagging transmission electron
microscopy (METTEM) (66) with yeast expressing metal-bind-
ing-tagged p33 (MT-p33) and staining with gold nanoclusters.
The yeast cells in Fig. 3B were processed in the absence of osmium
tetroxide and contrasting agents to facilitate the visualization of
gold nanoclusters. Under these conditions, the intracellular mem-
branes are invisible. The EM images revealed the presence of p33
in elongated structures (Fig. 3E to G). Immunostaining with
dsRNA-specific antibodies followed by EM imaging showed the
presence of viral dsRNA in the vicinity of p33-containing struc-
tures (Fig. 3E to G). Thus, the distribution of p33 is different in
vps23A yeast than in wt yeast (documented in reference 52). These
data confirmed that vps23A yeast replicated TBSV, but the mem-
branous structures formed were different from the spherule-like
structures present in wt yeast (52).

To examine whether Vps23p or Brolp is involved in viral rep-
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FIG 2 Expression of dominant-negative mutants of A. thaliana VPS23
(AtVPS23) ESCRT-I and AtBROI (ALIX) ESCRT-associated genes inhibits
tombusvirus RNA accumulation in N. benthamiana leaves. Top panel, North-
ern blot analysis of Cucumber necrosis virus (CNV) (a very close relative of
TBSV) RNA accumulation in plants. Individual or dual expression of N-ter-
minal deletion mutants of the two homologous AtVps23p proteins or the
N-terminal deletion mutant AtBrolp ESCRT proteins in plants was done in N.
benthamiana leaves, which were coinfiltrated with Agrobacterium carrying a
plasmid to launch CNV replication from the 35S promoter. The control sam-
ples were obtained from leaves expressing no proteins (35S, lanes 1 and 2).
Total RNA was extracted from leaves at 2.5 days after agroinfiltration. The
accumulation of CNV gRNA and subgenomic (sg) RNAs in N. benthamiana
leaves was measured by Northern blotting. Bottom panel, the rRNA was used
as a loading control and shown in an agarose gel stained with ethidium bro-
mide, which also allows the detection of the CNV gRNA as the top band. (B)
Phenotypes of plants coexpressing dominant-negative mutants of AtVps23p
and AtBrolp and symptoms induced by CNV infection. The picture was taken
10 days after agroinfiltration with CNV. (C) Detection of p33 in N. benthami-
ana leaves coexpressing p92 and TBSV DI-72 RNA (lanes 1 to 6) or p92 (with-
out the TBSV DI-72 RNA) (lanes 7 to 12) and dominant-negative mutants of
AtVPS23 ESCRT-Iand AtBROI (ALIX). p33 was detected by Western blotting
using anti-p33 antibody. The total protein level in each sample was analyzed by

SDS-PAGE and Coomassie blue staining.

+ + +
AtVPS23-1dn AtVPS23-2dn AtVPS23-1dn

licase formation, we used a cell-free extract (CFE) replication as-
say based on yeast extracts prepared from various yeast strains
lacking tombusviruses (Fig. 4A). The addition of purified recom-
binant p33 and p92P*' replication proteins in combination with
the (+)repRNA to the yeast CFE leads to the assembly of the TBSV
replicase complex on the cellular membranes and results in one
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complete cycle of in vitro replication (i.e., sequential minus- and
plus-strand RNA synthesis). CFEs from vps23A or brolA yeasts
were able to support in vitro TBSV replication to a similar extent as
wt CFE (Fig. 4B). However, CFE from the double-deletion mutant
(vps23A brolA) yeast supported only 40% replication, suggesting
that Vps23p and Brolp are involved in TBSV replicase formation
in vitro but that they have complementary roles. Thus, similar to
the yeast- and plant-based replication experiments, the in vitro
assay also supports the idea that Vps23p and Brolp have redun-
dant functions in TBSV replication.

Treatment of the CFE at the end of the replication assay with
the dsRNA-specific V1 nuclease showed reduced protection of the
viral dsRNA in CFEs from mutant yeasts compared with the wt
CEFE (Fig. 4C). Thus, the membranous structures formed in vitro
in CFEs derived from vps23A, broIA, or double mutant yeasts are
not able to provide tight protection against nucleases.

Role of ESCRT-III proteins in TBSV replication in yeast.
Since Vps23p and Brolp proteins are likely involved in recruit-
ment of ESCRT-III proteins to the sites of tombusvirus replica-
tion, we tested the ability of the ESCRT-III double mutant (snf7A
vps20A) to support TBSV replication. As expected, the double
mutant yeast supported only 20% viral replication compared with
the wt (Fig. 5). However, the level of TBSV repRNA accumulation
in the single-deletion yeast (snf7A) was also ~20% (26), suggest-
ing that both Snf7p and Vps20p ESCRT-III components are re-
quired for TBSV replication, as expected from their unique non-
overlapping functions in ILV formation (67, 68).

Ultrastructural analysis of ESCRT-II-deficient snf7A and
vps24A yeast cells replicating TBSV repRNA showed elongated,
crescent-like structures that are reminiscent of incomplete spher-
ule-like structures with wide openings (Fig. 6A and B) instead of
spherules with the narrow neck structure seen in wt yeast cells
(52). METTEM imaging revealed that MT-p33 was present in two
different structures (Fig. 6C to G). One was elongated and the
other was crescent shaped, similar to incomplete spherule-like
structures with wide openings in snf7A and vps24A yeasts (Fig. 6A
and B). Immuno-EM imaging revealed the presence of dsSRNAs in
the vicinity of the p33-induced membranous structures, indicat-
ing ongoing viral replication that produces dsRNA (62). Thus,
these experiments confirmed that ESCRT-III factors are involved
in and required for the complete formation of tombusvirus-in-
duced spherule-like structures. In addition, the lack of ESCRT-III
proteins did not fully prevent p33-induced membrane deforma-
tion and dsRNA production by the viral replicase but prevented
spherule formation.

To examine the role of ESCRT-III proteins in TBSV replicase
assembly, we utilized the CFE-based replication assay with mutant
yeasts (Fig. 7A). These experiments revealed that Snf7p, Vps20p,
and Vps24p ESCRT-III factors are all important for efficient viral
RNA synthesis, because CFEs obtained from snf7A, vps20A, or
vps24A yeasts supported repRNA production 3- to 7-fold less ef-
ficiently than CFE prepared from wt yeast (Fig. 7B). The CFE
prepared from double mutant snf7A vps20A yeast supported the
least efficient replication, leading to ~10-fold-less repRNA syn-
thesis (Fig. 7B, lanes 7 and 8). Both the single-stranded RNA
(ssRNA) and dsRNA products were generated at reduced levels in
these CFEs. Thus, these in vitro data support the model that these
ESCRT-III factors are important for the complete assembly of the
viral replicase.

To further test if the asymmetry of RNA synthesis is altered in
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FIG 3 Absence of tombusvirus-induced spherule-like structure formation in vps23A yeast. (A to C) TEM of stained ultrathin sections of yeast cells replicating

TBSV repRNA after staining with uranyl acetate and lead citrate. Elongated and flat bag-like structures in vps23A yeast expressing p33, p92, and the viral
(+)repRNA are indicated by arrows. (D) The TEM image from WT yeast is shown on the right, with white arrows pointing at vesicle-like spherules. (E to G)
Distribution of viral dsRNA and p33 replication protein in vps23A yeast studied by immunogold EM and METTEM, respectively. Ultrathin sections of yeasts
expressing MT-p33 and replicating TBSV repRNA are shown. The viral dsRNA (white arrows) was detected with anti-dsRNA antibodies and 10-nm gold
particles. MT-p33 is observed via ~1-nm gold nanoclusters associated with MT (indicated by black arrowheads). Note that the sections were studied without
previous staining. We found p33 and the viral dsRNA in the same peripheral compartments. Similar studies with wt yeast have been published previously (see the

text). Bars, 100 nm.

CFE from snf7A yeast, we used plus- and minus-strand RNA-
based hybridization to shift the ssSRNA products and to confirm
the dsRNA nature of the fast-migrating products (Fig. 8A). These
experiments revealed that CFE from snf7A yeast produced small
amounts of dsSRNA and that the newly produced ssRNAs were of
plus polarity, similar to the situation demonstrated for wt CFE
(Fig. 8B). Thus, similar to the wt CFE, snf7A CFE is capable of
supporting asymmetrical TBSV replication, but at a reduced rate.

The length of tombusvirus RNA affects the size of spherules
induced during viral replication. The above-described experi-
ments demonstrated that the co-opted ESCRT proteins affect
TBSV-induced spherule formation (“yes” or “no” manner), but
they are unlikely to be involved in determining the size of-the
tombusvirus induced spherules. This conclusion is based on not
detecting smaller spherules in yeast cells lacking ESCRT-I (Fig. 3),
ESCRT-III (Fig. 6), or Vps4p (52) but finding only uncharacter-
istic membrane deformations in these yeasts. To test if the length
of the viral RNA plays a role in spherule formation in plant cells,
we compared membrane deformations caused by CNV that has a
4,800-nucleotide (nt)-long genomic RNA versus the defective in-
terfering DI-72 RNA consisting of 621 nt (Fig. 9). The trans-rep-
lication of the DI-72 RNA in N. benthamiana leaves was supported
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by the expression of CNV p33 and p92P® replication proteins
from plasmid DNA via agroinfiltration. Subcellular structures in-
duced by either CNV gRNA (Fig. 9A to C) or DI-72 RNA (Fig. 9D
to F) in N. benthamiana cells were analyzed by EM imaging. We
found that CNV infection led to the formation of a large number
of spherule structures that were 58 to 77 nm in diameter with an
average of 66.5 (=8.8) nm (30 to 40 spherules were measured). In
contrast, the spherules induced in N. benthamiana cells replicating
DI-72 RNA were much smaller (Fig. 9D to F), spreading from 33
to 56 nm in diameter and with an average size of 41.7 (*5.5) nm.
The estimated volume of the spherules was ~4 times larger in case
of CNV genomic RNA than when induced in the presence of
DI-72 RNA (146,464 versus 37,694 nm’, respectively). Coexpres-
sion of CNV p33 and p92°°' in the absence of viral RNA did not
lead to spherule formation (data not shown), suggesting that the
viral (+)RNA is critical for spherule formation and that the length
of the viral RNA determines the size of the individual spherules.
Rapid generation of viral RNAs with increased size from a
minimal replication-competent repRNA. To test the minimal
size limit of viral RNA in replication, we first studied the replica-
tion of a 369-nt repRNA, called DI-RI-mini, that carried critical
cis-acting elements for both minus- and plus-strand RNA synthe-
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FIG 4 Cell-free TBSV replication assay supports a role for Vps23p and Brolp
in TBSV replication. (A) Scheme of the CFE-based TBSV replication assay. (B)
Denaturing PAGE analysis of the **P-labeled TBSV repRNA products ob-
tained in the CFE-based assay programmed with in vitro-transcribed TBSV
DI-72 (+)repRNA and purified recombinant MBP-p33 and MBP-p92P°' rep-
lication proteins of TBSV. The CFEs were prepared from BY4741 or the mu-
tant yeast strains. Each experiment was repeated three times. (C) Increased
sensitivity of viral dsSRNA products to dsRNA-specific V1 nuclease treatment
in the CFE-based TBSV replication assay. We added V1 nuclease at the end of
the TBSV replicase assay prior to phenol-chloroform extraction. Nondenatur-
ing PAGE analysis of the >*P-labeled TBSV double-stranded repRNA products
obtained in the CFE assays is shown. Each experiment was repeated three times
and the data were used to calculate standard deviations.

sis (Fig. 10A and B). These included the p33 recruitment element
[p33RE, present within RII(+)-SL] and the 3’ replication silencer
(RSE) with the minus-strand initiation promoter (gPR) (both are
present within RIV) (Fig. 10A and B) (45, 69). These sequences are
required for multiple functions, including the selection of the viral
(+)RNA for replication by p33, the assembly of the viral replicase,
the activation of the viral p92 RdRp, and minus-strand synthesis
(45, 49, 69, 70). DI-RI-mini also included RI at the 5’ end, whose
complementary sequence contains the plus-strand initiation pro-
moter (71).

Expression of DI-RI-mini (+)RNA in yeast cells in combina-
tion with p33 and p92P°' results in poor but detectable replication
of the original DI-RI-mini RNA (less than 1% of DI-72 RNA ac-
cumulation) (Fig. 10C, lane 1). However, DI-RI-mini RNA rap-
idly generates longer viral repRNAs with twice the size of the orig-

April 2016 Volume 90 Number 7

Journal of Virology

Role of Co-opted ESCRT in Viral Replication

snf7Avps20A

I L} 1
+ B38| drepRNA

1 2 3 4 5 6 7 8
[ 100£23 17+4 %repRNA |

CETT T T T S

v
3
K
Qv
&
—
} <|FLAG-p92

WT

<|FLAG-p33

FIG 5 Double deletion of the SNF7 and VPS20 ESCRT-III genes inhibits
TBSV repRNA accumulation in yeast. (A) The wt and the double-deletion
snf7A vps20A yeast strains were used for these experiments. Top panel, North-
ern blot analysis of TBSV repRNA accumulation in yeast strains 24 h after
induction. The repRNA levels were normalized based on rRNA loading. Bot-
tom panel, Northern blot analysis shows the level of rRNA loading. (B) Detec-
tion of FLAG-tagged p33 and FLAG-p92 in the double-deletion snf7A vps20A
yeast strain by Western blotting using anti-FLAG antibody.

inal template or even longer repRNAs. The most abundant of
these new ~700 nt repRNAs represent head-to-tail dimers formed
by recombination (not shown). The dimeric recombinant RNA
(recRNA) replicates more efficiently than the original DI-RI-mini
RNA, but the recRNA still accumulates somewhat poorly (less
than 10% of DI-72 repRNA accumulation) (Fig. 10C, lane 1 versus
lane 11) in yeast. The emergence of DI-RI-mini dimeric recRNAs
suggests that replication likely favors larger template RNAs than
the short DI-RI-mini RNA. Because of the inefficient replication
of the original DI-RI-mini RNA in yeast and the rapid emergence
of dimer-sized recRNA species reaching a 10-fold-higher level
than the original DI-RI-mini, it would be rather difficult to show
if DI-RI-mini RNA could induces spherules in such a situation in
yeast. Nevertheless, the results with DI-RI-mini suggest that tem-
plates larger than ~350 nt are likely favored during tombusvirus
replication.

Increasing the length of the repRNA template reduces dimer
formation. We interpret the rapid formation of dimer-sized re-
cRNAs in yeast cells expressing DI-RI-mini template as an indica-
tion that the increased template size could be more favorable for
viral replicase assembly, possibly for spherule formation. To test
this model, we inserted RNA sequences of various lengths between
the p33RE and RSE elements, as shown in Fig. 10B. Four different
constructs with 34-nt insertions between the p33RE and RSE still
generated dimer-sized recRNAs efficiently during replication in
yeast cells (~5-fold more dimer than monomer) (Fig. 10C, lanes
2, 4, 6, and 8). These data indicate that 34-nt spacers between
p33RE and RSE might not yet be optimal for replication. Because
these artificial sequences were very different in sequence compo-
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FIG 6 Novel tombusvirus-induced crescent-like structure formation in snf7A and vps24A yeast strains. (A and B) TEM of stained ultrathin sections of yeast cells
replicating TBSV repRNA after staining with uranyl acetate and lead citrate. The crescent-like structures are indicated by arrows. The crescent-shaped membrane
structures with wide openings to the cytosol may represent incomplete spherules that could not constrict the opening due to the lack of the given ESCRT-III
factors in the snf7A and vps24A (52) yeast strains. Similar studies with wt yeast have been published previously (see the text). (C to G) Distribution of viral dsRNA
and p33 replication protein studied by immunogold EM and METTEM, respectively, in snf7A and vps24A yeast strains. Ultrathin sections of yeasts expressing
MT-p33, p92, and replicating TBSV repRNA are shown. The viral dsRNA (indicated by white arrows) was detected with anti-dsRNA antibodies and 10-nm gold
particles. MT-p33 is observed via ~1-nm gold nanoclusters associated with MT (black arrowheads). Note that the sections were studied without previous
staining. We found p33 and the viral dsRNA in the same peripheral compartments. Similar studies with wt yeast have been published previously (see the text).
Bars, 100 nm.

sition from one another, they are unlikely to be involved directly = template better in replication and also remarkably reduced the
in dimer formation. formation of dimer-sized viral recRNAs (down to 0.5)

Increasing the spacer length to 52 to 58 nt between p33RE  (Fig. 10C, lanes 5, 7, 9, and 10). This suggests that the longer
and RSE, however, made the original (monomeric) repRNA  repRNAs are better templates and that there is a requirement
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FIG 7 Cell-free TBSV replication assay supports a role for Snf7p, Vps20p, and Vps24p ESCRT-III proteins in viral replication. (A) Scheme of the CFE-based
TBSV replication assay using CFEs from the snf7A, vps20A, vps24A, and double-deletion snf7A vps20A yeast strains. (B) Nondenaturing PAGE analysis of the
*2P-labeled TBSV repRNA products obtained in the CFE-based assay programmed with in vitro-transcribed TBSV DI-72 (+)repRNA and purified recombinant
MBP-p33 and MBP-p92P°' replication proteins of TBSV. The newly produced TBSV ssRNA and dsRNA are indicated. The CFEs were prepared from BY4741 or
the mutant yeast strains as shown. Note that samples were obtained from the total CFE reactions, except in lanes 10 and 12, where the samples were obtained using
only the membrane-fraction of CFE prepared after termination of the in vitro replication assay [thus removing most of the newly made (+)RNAs that are released
to the soluble fraction during the assay]. Each experiment was repeated three times, and the data were used to calculate standard deviations.

for a minimal template size during tombusvirus replication in
yeast. Another observation is that a longer AU-rich spacer se-
quence between the cis-acting elements was detrimental to rep-
lication (Fig. 10C, lane 4).

To test if the longer template size affects the assembly/activa-
tion of the tombusvirus replicase, we affinity purified the solubi-
lized replicase from yeast expressing DI-RI-mini or its 58-nt in-
sertion-derivative (DI-RI-mini 14). Comparable amounts of
purified replicase preparations from yeast were then tested by us-
ing an external RNA template (for plus-strand synthesis). The
replicase preparation obtained with DI-RI-mini 14 with the 58-nt
spacer showed ~3-fold-higher in vitro RNA synthesis activity than
the comparable replicase preparation from yeast replicating DI-
RI-mini (Fig. 10D, lanes 3 and 4 versus lanes 1 and 2). These data
suggest more efficient replicase assembly by the longer DI-RI-
mini 14 than by DI-RI-mini repRNA. However, it is important to
note that most replicase assembly in yeast replicating DI-RI-mini
repRNA is likely supported by the recombinant (i.e., dimer-sized)
templates (Fig. 10B, lane 1), making the estimation of the DI-RI-
mini template’s direct contribution to replicase assembly difficult.
On the other hand, it is likely that the more abundant monomeric
repRNA, and not the lesser dimer repRNA, was responsible for the
bulk assembly of the tombusvirus replicase in case of the DI-RI-
mini 14 repRNA (Fig. 10C, lane 10). However, it is also important
to note that the replication of these repRNAs is ~10-fold lower
than the replication of DI-72 RNA, suggesting that templates of
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600 nt or longer, such as the 621-nt DI-72 repRNA, are likely more
optimal than shorter templates for replication.

DISCUSSION

Tombusviruses, similar to several (+)RNA viruses, induce spher-
ule-like membrane deformations in infected cells to bring to-
gether and sequester viral replication proteins and subverted host
factors together with the viral RNA (1-4). In addition to support-
ing efficient viral RNA synthesis, these membranous structures are
likely involved in hiding the viral components from recognition
by the antiviral surveillance system and robust antiviral responses
(for example, RNA interference [RNAi] in plants), thus promot-
ing the viral invasion of the host.

In spite of the significance of these characteristic virus-induced
membranous structures, the mechanisms of their formation are
currently incompletely understood. For tombusviruses, it has
been suggested that subverted cellular ESCRT proteins facilitate
VRC assembly by promoting membrane deformation (invagina-
tion) and formation of spherule-like structures (8, 52). Genome-
wide screens in yeast with TBSV have identified seven ESCRT-I
and ESCRT-III factors whose single deletion inhibited TBSV rep-
lication (24, 26).

Detailed analysis of TBSV replication in yeast and in vitro in
combination with EM imaging of subcellular membranes,
METTEM-based analysis of p33 distribution, and immuno-EM of
viral dsRNA from yeast mutants established that the Vps23p
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FIG 8 Asymmetric TBSV RNA replication occurs in the absence of Snf7p in the CFE assay. (A) Scheme of the CFE-based TBSV replication assay to demonstrate the
presence of various repRNA products. In experiment 1, we added unlabeled short complementary RNAs to the CFE assay mixture in the presence of 0.1% Triton X-100
prior to phenol-chloroform extraction and RNA analysis at the end of the TBSV replication assay. In experiment 2, we added 0.1% Triton X-100 to the CFE assay mixture,
performed phenol-chloroform extraction, heat denatured the RNAs, and then added unlabeled short complementary RNAs at the end of the replication assay. Note that
experiment 2 tests if the short complementary RNAs could specifically anneal to the target repRNA in the assay. (B) Top, annealing of the unlabeled short complementary
RNAs to the **P-labeled repRNA products is shown schematically. Note that the annealed RNA duplex changes the migration of the RNA in nondenaturing PAGE.
Bottom, representative nondenaturing PAGE analysis of **P-labeled repRNA products synthesized by the tombusvirus replicase in the CFE assay. The CFEs were
prepared from the BY4741 or snf7A yeast strains as for Fig. 7. The positions of shifted repRNAs, which are due to the annealing to short complementary RNAs,
single-stranded repRNAs, and double-stranded repRNAs, are shown. Each experiment was repeated three times.

ESCRT-I factor is needed for the formation of spherule-like served membrane deformations, but these did not resemble
structures, although spherules are not completely required for  spherule-like structures. Although the p33 replication protein
replication in yeast (which lacks the traditional RNAi machin- can directly interact with the Vps20, Vps2p, and Vps24p
ery). In the absence of the Vps23p ESCRT-I protein, we ob- ESCRT-III proteins (but not Snf7p) and Vpsdp AAA ATPase
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100 nm

FIG 9 EM images of spherule-like structures induced by tombusvirus replication in N. benthamiana leaves. (A to C) TEM of stained ultrathin sections of N.
benthamiana cells replicating CNV genomic RNA and processed for ultrastructural analysis. Several characteristic membranous compartments with tombusvi-
rus-induced spherules are depicted with black arrowheads, while virion-like structures are indicated with gray arrowheads. Bars, 200 nm. (D and F) TEM of
stained ultrathin sections of N. benthamiana cells replicating DI-72 RNA in the presence of CNV p33 and p92 replication proteins, which were expressed via
agroinfiltration. Tombusvirus-induced spherules are depicted with black arrowheads. Note that the vesicle-like spherules are approximately half the size of the
spherules induced in CNV genomic RNA-replicating cells (see Results). Bars, 100 nm.

(52), apparently these interactions are not enough to induce
the formation of spherules. In addition to Vps23p, we have
obtained evidence that Brolp (ALIX) is also needed for robust
TBSV repRNA replication and possibly for the efficient recruit-
ment of the ESCRT-III factors into the tombusvirus replicase.

This work also gives further insights into the roles of ESCRT-
IIT components, which do not play complementary roles. This
is because we have found evidence that all four known ESCRT-
III factors are needed for TBSV replication in yeast (8, 52).
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Interestingly, in the absence of Snf7p or Vps24p ESCRT-III
factors, the tombusvirus replication proteins can still deform/
bend membranes, resulting in crescent-like structures (Fig. 6),
which are similar to the membrane deformations induced by
tombusvirus replication proteins in the absence of Vps4p AAA
ATPase in yeast (52). Without these ESCRT-III proteins or
Vps4p, the tombusvirus-induced membranous structures have
rather wide openings that likely fail to provide the protection
observed with the spherule-like structures induced in wt yeast

jviasm.org 3621


http://jvi.asm.org

A RII po2

~ RI(F)RSL ) RIV

p33RE

DI-72(+)
£

| I
5 RI

RII(+)-SL

DI-RI-mini

369 nt insert
............. length*
R o™

#3 AKAUAAAUAAAUAAAUAAAGAAAA 34 nt
#4 AUAAAUAAAUAAAUAAAUAAAAUAAAUAAAUAAAUAAAUAAAAA 52 nt
#5 AAAUGAAUGAAUGAAUGAAUGAAA 34 nt
#6 AUAAAUGAAUGAAUGAAUGAAAUGAAUGAAUGAAUGAAUGAAAA 52 nt
#7 AUUUAUUUAUUUAUUUAUUUAUUU 34 nt
#38 AUAUUUAUUUAUUUAUUUAUUUAUUUAUUUAUUUAUUUAUUU 52 nt
#9 AGGCAGGCAGGCAGGCAGGCAGGU 34 nt
#10 GGAGGCAGGCAGGCAGGCAGGCAGGCAGGCAGGCAGGCAGGU 52 nt

#14 GUGGAGAGUCUGCAUAUCACGUCGACGCAUGCAAGCGGACCAGACA 58nt

C Replication in yeast
N

&
& N
&  # #a #5 #6 #7 #8 #  #o0 #4 §
<]dimer
!4-«1 U < <<
<monomer

< | | v.“ "-4 X ‘«s‘ 3

1 2 3 4 5 6 7 8 9 10 11
(10 3 05 5 05 3 05 5 05 02 005 ratio(dimer/monomer))

D In vitro replication assay

S
3
£

'Sg- #a

100 372 %

FIG 10 Inefficient replication of short TBSV repRNAs in yeast. (A and B) Schematic representation of TBSV DI-72 (+)repRNA and DI-RI-mini repRNA
carrying the three known cis-acting replication elements, including the p33 recruitment element (p33RE), the replication silencer element (RSE) required for
VRC assembly, and the genomic promoter (gPR) for initiation of (—)RNA synthesis. The characteristic C - C mismatch within p33RE, which is critical for binding
of p33/p92 replication proteins, is highlighted. The complementary nucleotides in the RSE and gPR that form a 5-bp-long region are depicted with an arrow. The
heterologous sequences of various lengths inserted into DI-RI-mini repRNA are listed. (C) Northern blot analysis of the accumulation of DI-RI-mini repRNA
and its insertion derivatives (see panel B) in yeast expressing p33 and p92. The original-size (monomeric) DI-RI-mini repRNA and its derivatives are depicted
with black arrowheads, while the double-size (dimeric, head-to-tail fashion) recombinant RNAs are marked with open arrowheads. The ratio of dimer
recombination-based versus monomer repRNA in each sample is shown. Note that in comparison with the other samples, the DI-72 repRNA sample was diluted
10 times to avoid overloading. Each experiment was done three times. (D) Representative denaturing gel of >*P-labeled RNA products synthesized by affinity-
purified TBSV replicase preparations obtained from yeast replicating either DI-RI-mini repRNA or its derivative (#14 in panel B). The replicase preparations
were adjusted to contain comparable levels of p33, and then RI/III(—) template was added to program the in vitro assay.
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FIG 11 Model of the roles of viral (+)RNA and the co-opted ESCRT proteins during TBSV replication. The formation of tombusvirus-induced spherules
(membrane invaginations) in the peroxisomal membranes is facilitated by the recruitment of cellular ESCRT proteins by the mono- or biubiquitinated p33
replication proteins. The model predicts that the size of the recruited viral (+)RNA affects spherule formation by being used as a “measuring string,” possibly by
the p33 replication protein. Short repRNAs (~350 nt) go through a rapid recombination process to generate dimer-sized recombinant RNAs, which are likely
more suitable for replication and possibly spherule formation. In the absence of one of the ESCRT-III proteins, the spherule formation is defective and
tombusvirus replication proteins could form only membrane invaginations with large openings that make the replicase complex RNase sensitive. Limited TBSV
replication might occur between the two crescent-shaped membrane layers in the shown image from the vps24A yeast strain (bottom right). See the text for

further explanation.

and plant cells (8). Altogether, the emerging picture is that
ESCRT-I and ESCRT-III proteins together with Vpsdp AAA
ATPase are required for spherule formation during tombusvi-
rus replication (Fig. 11).

In the absence of spherule formation in vps23A, snf7A, and
vps24A strains, the VRCs are formed using alternative membra-
nous structures, which are still capable of supporting replication,
albeit at reduced levels. The characteristic asymmetrical replica-
tion, resulting in dsRNA replication intermediate and abundant
plus-strand RNA progeny, still takes place in the absence of Snf7p
in a CFE-based replication assay (Fig. 7 and 8), or the dsRNA
could be visualized in vps23A, snf7A, and vps24A yeast strains (Fig.
3 and 6). However, the plant-based data also suggest that one of
the major functions of the spherules is to protect the viral RNA
from host antiviral responses and viral RNA degradation (8, 52).
We suggest that the expression of dominant-negative versions of
Brolp and Vps23p proteins in plants interferes with formation of
spherules and facilitates the induction of gene silencing due to the
rapid and efficient recognition of viral dsRNAs present in the
more exposed alternative VRC structures.

Interestingly, a related tombusvirus, Carnation Italian ringspot
virus (CIRV), also usurps the ESCRT machinery by co-opting
Vps23p to the mitochondrial outer membrane where CIRV repli-
cation takes place (72). Thus, the current picture with tombusvi-
ruses is that they can recruit the cellular ESCRT machinery for
VRC/spherule formation to either peroxisomal (in case of TBSV
and CNV) or mitochondrial (in case of CIRV) membranes. The
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role of co-opted ESCRT proteins in virus replication is not re-
stricted to tombusviruses, since the unrelated Brome mosaic virus
(BMV) does take advantage of subverted ESCRT machinery (73).
Similar to TBSV, the ESCRT-III factors, especially Snf7p, are re-
quired for BMV-induced spherule (i.e., VRC) formation. How-
ever, unlike TBSV, BMV co-opts Snf7p ESCRT-III protein di-
rectly, but only transiently, through interaction with the la
replication protein (73). In contrast, TBSV recruits Vps4p perma-
nently into the VRCs, likely for stabilizing the neck structure and
possibly for other functions (52).

Additional examples of viral subversion of the ESCRT appara-
tus include HIV, which uses ESCRT proteins, such as Tsgl01
(Vps23p in yeast), ALIX (Brol), Vps4, and ESCRT-III compo-
nents to release virus particles through virus budding out of cells
(74, 75). In addition, enveloped (+)RNA and (—)RNA viruses
(such as filo-, arena-, rhabdo-, and paramyxoviruses) usurp the
ESCRT machinery to the plasma membrane, leading to budding
and fission of the viral particles from infected cells (68, 76, 77).
Also, the unusual enveloped hepatitis A virus, a picornavirus, ob-
tains its membrane with the help of the ESCRT machinery in
infected liver cells (78). ESCRT machinery is critical for cellular
functions, because defects in the ESCRT machinery can cause se-
rious diseases, including cancer, early embryonic lethality, and
defect in growth control (68, 79-82). Altogether, based on our
increasing knowledge on ESCRT proteins and tombusvirus-host
interactions, we propose that that usurping the ESCRT proteins
promotes the efficient and precise assembly of the TBSV replicase
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complex, resulting in TBSV RNA replication, including
(—)RNA and (+)RNA synthesis, in a protected microenviron-
ment (Fig. 11).

Does the viral RNA serve as a “measuring string” during rep-
licase assembly and spherule formation? EM imaging has shown
that the length of the tombusviral RNA templates (i.e., genomic
versus DI RNAs) greatly affects the sizes of spherules formed (see
Results), suggesting that the viral (+)RNA plays an important role
in defining spherule structures. Too-short viral templates (~350
nt in length) go through rapid evolution during replication to
generate longer dimeric RNAs that might be more suitable for
replicase assembly than the very short templates (Fig. 10). The size
requirement for templates could explain why DI-RNAs shorter
than ~400 nt have not yet been described for tombusviruses dur-
ing plant infections. Altogether, the role of the length of the viral
RNA in template activity, replicase assembly, and spherule forma-
tion is a novel function for the tombusvirus RNA, which has al-
ready been shown to affect the activation of the tombusvirus
RdRp, the assembly of the VRCs, and the recruitment of several
host factors (45, 48, 49, 69, 70, 83).

Based on the data with tombusviruses, we propose that the
viral (+)RNA serves a critical role in determining the sizes of
spherules formed or whether the RNA is long enough for optimal
replication. As depicted in Fig. 11, we propose that the length of
the viral (+)RNA somehow determines how large a surface area in
the membrane is deformed into a spherule-like structure with the
help of co-opted cellular ESCRT proteins that are needed for
spherule formation (52). The proposed role of the viral (+)RNA
length could help explain how many molecules of viral replication
proteins are used up to build individual spherules and how the
“border” of the spherules could be determined prior and during
viral replicase assembly. It is likely that the longer the viral
(+)RNA, the more p33 replication proteins are organized as a
unit, leading to deformation of larger membrane areas to make
individual spherules (Fig. 11). The viral RNA might need to fulfill
this function (i.e., “counting” the recruited p33/p92 proteins per
spherule) because the subverted cellular ESCRT proteins could
deform membranes without the need for inner coating with pro-
teins of the membrane invaginations/vesicles, which are usually 40
to 100 nm in size (74, 84).

According to METTEM of MT-p33, the viral replication pro-
teins likely cover a large portion of the internal surface of the
spherules (52). Thus, to assemble replicase complexes within in-
dividual spherules, the tombusviral RNA likely serves as a “mea-
suring string” to determine the individual size of spherules. It is
currently not known if the total length of the RNA, the global RNA
structure, or only the distance between critical cis-acting replica-
tion elements is “measured” during VRC assembly. Three-dimen-
sional modeling and other approaches will likely help in recon-
structing individual spherules and the location of the viral RNA
within spherules.

The results obtained with tombusviruses are similar to the ob-
servations with Semliki Forest virus (SFV), which also induces
spherules of various sizes dependent on the length of the template.
For example, the 11.5-kb SFV RNA genome induces ~58-nm
spherules, while a shorter 3-kb template induced ~32-nm spher-
ules (85). Another similarity of tombusviruses with SFV and the
unrelated insect virus Flock House virus (FHV) is that the replica-
tion proteins and the viral (+)RNA are required for spherule for-
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mation. However, the size of the spherules does not depend on the
length of the viral RNA in the case of FHV (86).

An interesting example of spherule formation is that by BMV,
whose helicase-like 1a replication protein can form spherules in
the absence of the viral RNA (87). Moreover, the spherule size is
affected by mutations in 1a within its membrane-binding alpha-
helix, co-opted reticulons, and the presence of unsaturated phos-
pholipids (7, 88, 89). Thus, the emerging concept with several
RNA viruses is that the replication proteins are important for
spherule formation, but the sizes of the spherules might be deter-
mined by the length of the viral RNAs for SFV and tombusviruses
but not in the cases of BMV and FHV.
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